A passive sampling method, using retracted solid-phase microextraction (SPME) -gas chromatography-mass spectrometry and time-weighted averaging, was developed and validated for tracking marker volatile organic compounds (VOCs) emitted during aerobic digestion of biohazardous animal tissue. The retracted SPME configuration protects the fragile fiber from buffeting by the process gas stream, and it requires less equipment and is potentially more biosecure than conventional active sampling methods. VOC concentrations predicted via a model based on Fick's first law of diffusion were within 6.6-12.3% of experimentally controlled values after accounting for VOC adsorption to the SPME fiber housing. Method detection limits for five marker VOCs ranged from 0.70 to 8.44 ppbv and were statistically equivalent (p > 0.05) to those for active sorbenttube-based sampling. The sampling time of 30 min and fiber retraction of 5 mm were found to be optimal for the tissue digestion process.
Introduction
Forbes, & Focant, 2013), and cow and chicken tissues (Cablk, Szelagowski, & Sagebiel, 2012 ).
Phenol and p-cresol also have been shown to be highly odorous compounds released during the the lab to be resampled via solid-phase microextraction (SPME) followed by analysis of VOCs.
73
These methods are accompanied by (i) biosecurity risks during gas sample transfer into and out 74 of the gas collection bulbs or sorbent tubes; (ii) sorption of VOCS on interior surfaces of tubing 75 or bulbs; (iii) the need for pumps and additional equipment; and (iv) the need for additional 76 procedural steps during sampling, sample preparation, and equipment clean-up.
77
Biosecurity risks are reduced by using passive gas sampling via retracted SPME. Only the 78 SPME fiber is transported to the lab. SPME assemblies can be isolated and stored for maximum 79 sample recovery. Several studies have reported on passive sampling via retracted SPME and (Baimatova, Koziel, & outside of needle assembly). These are: (1) retracted SPME shields the fiber from breakage; (2) 87 effects of turbulence on the SPME boundary layer and quantification are minimized.
88
Analytes reach the retracted SPME fiber primarily via diffusion and the TWA approach to 89 quantification depends on Fick's first law of diffusion. Developing a new TWA-SPME method 90 requires (1) careful study and optimization gas sampling parameters for the quantification model 91 and (2) quantifying target VOC adsorption onto SPME fiber housing (metallic parts of needle 92 assembly) and determining its effects on concentration predictions.
93
The effluent gas from AeD of animal tissues is a complex mixture of chemicals with 94 potentially useful information about the process status. However, many potentially useful 95 biomarkers are present at sub-ppmv levels among many less-relevant gases and bioaerosols. To 96 date, very few studies have compared TWA-SPME with conventional sampling and 97 quantification methods (Woolcock et al., 2015) , and no TWA-SPME method exists for sampling 98 biomarker VOCs from the potentially infectious process for the purpose of tracking completion.
99
The goal was to develop a passive TWA-SPME method for collection, identification, and 100 quantification of biomarker VOCs released during emergency disposal of biohazardous animal 101 carcasses via AeD. Our working hypotheses were that (i) VOC adsorption onto the SPME fiber 102 housing (metallic parts of needle assembly) can be reproducible and quantified, (ii) retracted 103 SPME fiber behaves as a zero sink for target VOCs, and (iii) the developed quantification 104 method is in agreement with Fick's first law of diffusion model. Specific objectives were to 105 determine the effects of (1) adsorption onto SPME fiber housing; (2) sampling time; (3) VOC 106 concentration; (4) diffusion path length; and to establish (5) detection limits; and (6) validate equipped with Thermogreen half hole type septa using a 10 µL gastight syringe (Hamilton,
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122
Reno, NV, US).
123
The theoretical concentration for each analyte, expressed in ppm, was calculated from the 124 equation below:
126
where C is the gas contaminant concentration (ppmv), T is the absolute temperature of the 127 system (K), P is the system pressure (atm), M is the mass of the contaminant added (g), V is the 128 volume of the system (L), and MW is the molecular weight of the contaminant (g mol -1 ). The 129 concentration in ppm can be converted into mass per unit volume by the expression:
where CM/V is the gas contaminant concentration (mg m -3 ), Cppm is the gas concentration (ppmv),
132
R is the molar gas constant (L atm K -1 mol -1 ).
133
Glass sampling bulbs (250 mL), Thermogreen half-hole type septa, and glass vials were from 
SPME and GC-MS conditions
140
The 85 µm Carboxen (CAR)/PDMS (Supelco, Bellefonte, PA, US) fiber was used for a 141 sampling of the five target VOCs in the gas phase using the TWA-SPME method. Passive 142 sampling was facilitated using a commercial SPME fiber holder (Supelco, Bellefonte, PA, US)
143
that was modified for the TWA-SPME sampling method by adding additional notches for 144 different desired diffusion path lengths. A detail of the modified SPME fiber holder was 145 discussed elsewhere (Koziel & Novak, 2002) .
146
All TWA-SPME gas samples were analyzed using a gas chromatography -mass replicates of n=3 of concentrations) into GC-MS using the same conditions of MS and program.
165
Quantified masses of target VOCs were then used for comparisons with TWA-SPME model (i.e.,
166
experimental vs. theoretical) and to estimate measured gas concentrations.
168
2.3 Fick's first law-based model for TWA-SPME sampling with retracted fiber
169
The principle of SPME-TWA sampling technique is based on the Fick's first law of diffusion 170 which states that the amount of analyte collected on a SPME fiber is proportional to their 171 molecular diffusion rates in gas phase (Dg) and the SPME needle cross-sectional area (A), and is 172 inversely proportional to the diffusion path length (Z, i.e., distance between needle opening and 173 the retracted fiber tip). As long as the fiber is not saturated, and the fiber coating behaves as a 174 zero sink (i.e., the rate of sorption is not affected by sorption capacity), the mass extracted (n) is
175
proportional to the integral of the concentration over a sampling time (t) (Koziel et al., 1999;  ( )
For a defined exposure time, the gas-phase analyte concentration can be calculated from:
In equations (3) and (4), A, Z, and t are known and controlled values. n(t) can be determined 181 using analytical equipment such as GC-MS system (Woolcock et al., 2013).
182
Series of experiments were performed to determine the effects of t, C, and Z on mass 183 extracted by SPME using standard gases of target VOCs. Standard gas samples were collected 184 by inserting the SPME needle with a retracted 85 µm CAR/PDMS fiber into the glass sampling 185 bulb that contained the VOC standard mixture at T = 23 ± 0.5 °C and P =1 atm (Fig. 1A) .
186
During the TWA-SPME sampling, the analytes partition into the SPME coating (Koziel et al., 187 1999), albeit this extraction process is much slower compared with conventional sampling with 188 exposed SPME. The TWA SPME advantage is that the extraction is not affected by turbulence 189 outside of the SPME needle, while the SPME process and its calibration are controlled by using the TWA-SPME method with 250 mL gas sampling bulb and (B) retracted SPME fiber in 194 the TWA sampling mode. 2.5 Effects of adsorption onto SPME needle housing (metallic parts of needle assembly) on
206
TWA-SPME method
207
Prior to calculating experimental mass extracted on the SPME fiber, the amount of analytes 208 adsorbed on the SPME fiber needle housing must be accounted for. To do this, three set of replicates of a standard VOC mixture gas sample were used. The concentration of each VOC 246 ranged from 0.07 to 0.4 ng mL -1 . The SPME fiber was retracted at 5 mm for t = 30 min, at T= 23 247 ± 0.5 °C, and P = 1 atm. Estimates of Dg were obtained using the FSG model (Eq. 5).
249
2.10 Validation of TWA-SPME sampling method using volatile biomarkers in process gas
250
The reliability and feasibility of the TWA-SPME method were validated by comparing its 251 results with those obtained using a sorbent tube-based method. Both were applied to process 252 gases generated by a laboratory scale AeD system for poultry carcasses. Gas samples were 253 collected from 4 identical AeD reactors simultaneously using glass sampling bulbs (for TWA-254 SPME method) and sorbent tubes on the 11 th day (Test #1) and 42 nd day (Test #2) of the poultry 255 carcass subjected to aerobic decomposition. The schematic of the gas sampling system of 5 256 target VOCs emitted from AeD reactor of poultry carcass is shown in Fig. 2 . The temperature of 257 process gas was 28 ± 0.5 °C, and relative humidity was 100%. Laboratory-scale AeD system was reactor of poultry carcass using TWA-SPME and sorbent tube-based methods.
For the TWA-SPME method: gas samples were collected from AeD reactors using 250 mL Laboratory where they were sampled with Z = 5 mm retracted fiber (85 µm CAR/PDMS) and t = 270 30 min (Fig. 1) . Headspace TWA-SPME gas samples were analyzed using the same GC-MS 271 system used for analyses of standard VOC gas samples. tubes #1 and #2 (Fig. 2) were used as gas sampling tubes, and breakthrough tubes, respectively.
278
The sampling flow rates were checked with an NIST-traceable DryCal digital flow meter, model
279
Defender 520 (Bios International, Butler, NJ, US).
280
All gas samples were analyzed immediately after sampling from AeD reactors using thermal 
Results and Discussion
288
Specific objectives (1-6) were addressed for a development of the TWA-SPME method.
289
These objectives also test the working hypotheses (i, section 3.1) and (ii, sections 3.2-3.4) and 290 basic prerequisites for passive air sampling (Martos et al., 1999).
292
3.1 Effects of adsorption onto SPME needle housing (metallic parts of needle assembly) on
293
294
There were three trials to validate the effects of needle housing on TWA-SPME method. In 295 these trials, the surface of stainless steel needle housing was considered as a plane surface.
296
Therefore, it has limited surface area for VOC gas adsorption. Experiments showed that the 297 amount extracted on SPME needle housing is relatively small, reproducible and can be 298 accounted for, and thus easy to calibrate. In trial #1, the effect of needle housing was evaluated In trial #2, the effect of adsorption onto SPME needle housing was evaluated against the 310 different VOC concentrations ( Fig. 3; Part B) . The amount of adsorption on the needle housing 311 ranged from 3.91 to 6.20 % of that observed on the SPME fiber at the same experimental 312 conditions. Results show that the amounts of adsorbed gases were proportional to the Cg. It was
313
found that the maximum amounts of adsorbed substances are primary determined by the surface 314 area on which the adsorption occurs (Langmuir, 1918).
315
In trial #3, the effect of needle housing was evaluated against different Zs ( Fig. 3 ; Part C).
316
Equation (3) gives the desired relation between n and Z, in which, n is inversely proportional to The results from this study are shown in Fig. 4 Fig. 4 ; Part B). Mean RSDs were 4.4% (ranging from 1.4 to 7.8%), which indicates a 347 high degree of precision of this TWA-SPME method. In accordance with equation (3), n(t) was 348 indeed directly proportional to the analyte concentrations in the gas phase, Cg. This is one of the 349 useful, significant features of the TWA-SPME sampling method, i.e., relatively low RSDs for 350 extractions at long extraction times. Analytes displacement and competitive adsorption are 351 common for t = 30 min with conventional sampling with exposed adsorptive SPME fiber.
352
Results of this test verify the second requirement of the TWA-SPME sampling method. The
353
TWA-SPME model deviated from the experimental mass extracted on SPME fiber by average 354 6.58% (ranging from 0.28 to 16.39) for all target VOCs, thus validating the TWA-SPME method. Additionally, the TWA-SPME model has the most accurate prediction at the highest
356
VOC concentrations (mean percentage difference = 3.93%, ranging from 0.50 to 6.54%). analytes extracted by metal SPME needle assembly is subtracted from the total mass. i.e., mass extracted on SPME fiber vs. mass predicted by the Fick's first law model.
377
For a typical passive sampler, a large surface area requires a large face velocity (ranging 378 from 4.6 to 15 m min -1 ) to ensure a large amount of analyte is sampled. With a very small passive sampler such as the retracted SPME fiber, therefore, it requires a very small face 380 velocity. Previous work with standard gas from n-pentane to n-nonane has shown that there was 381 no significant difference between the face and bulk concentrations determined with static 382 standard gas and those obtained with a face velocity as low as 0.6 cm min -1 (Chen et al., 2003) .
383
Other research proved that the secondary diffusion boundary layer does not exist outside the tip 384 of the needle of SPME fiber with a minimum gas flow velocity of ~ 10 cm s -1 for sampling . In this study, the cross-sectional area of the needle housing of 85 µm CAR/PDMS SPME 387 fiber is extremely small (7.5 × 10 -4 cm 2 ). Therefore, TWA passive sampling with SPME can be 388 reasonably expected to sample accurately. Considering these present results and comparing them 389 with current literature and, it can be concluded that the third requirement of the TWA-SPME 390 method, in which CBulk equals CFace is met.
392
Method detection limits
393
The method detection limits (Table S1) 3.6 Validation of TWA-SPME sampling method using volatile biomarkers in process gas
Side-by-side measured Cg using the TWA-SPME and sorbent tube-based methods were the aerobic reactor of poultry carcass using TWA-SPME with 250 mL glass sampling bulb and 408 sorbent tubes. All TWA-SPME gas samples were analyzed by the GC-MS system. All sorbent 409 tube gas samples were analyzed by the TDMDGC-MS-O system. Identified peaks: (1) DMDS,
410
(2) pyrimidine, (3) DMTS, (4) phenol, (5) p-cresol.
412
For the TWA-SPME method, RSDs were 2.1 to 8.4% and 9.8 to 13.2% for tests I and II, 
